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APPARATUS AND METHOD FOR
NON-DESTRUCTIVE TESTING OF
CONCRETE

The present application 1s a continuation of U.S. appli-
cation Ser. No. 14/698,603, filed Apr. 28, 2015, now U.S.
Pat. No. 9,939,420, which claims priority to U.S. provisional
patent application Ser. No. 61/986,029, filed Apr. 29, 2014,
entitled APPARATUS AND METHOD FOR NON-DE-
STRUCTIVE TESTING OF CONCRETE, the entire dis-
closure of each of which 1s hereby incorporated by reference
herein.

This invention was made with government support under
contract number WO911NF-14-C-0010 awarded by the
Department of Defense. The government has certain rights
in the invention.

A portion of the disclosure of this patent document
contains material which 1s subject to copyright protection.
The copyright owner has no objection to the facsimile
reproduction by any-one of the patent document or the
patent disclosure, as 1t appears 1n the Patent and Trademark
Oflice patent file or records, but otherwise reserves all
copyright whatsoever.

BACKGROUND

The present invention relates to the use of mechanical
waves 1n the non-destructive testing ol concrete.

Methods and devices are known that utilize the propaga-
tion and reception of mechanical waves within the acoustic
and ultrasonic frequency ranges for testing characteristics of
concrete.

Ultrasonic pulse velocity (UPV) test methods utilize
piezoelectric transducers on opposite or adjacent sides of a
concrete sample to determine the velocity of an ultrasonic
signal transmitted through the concrete from one transducer
to the other. Because defects in the concrete, such as voids
or delaminations, can affect ultrasonic mechanical wave
speed through the sample, the amount of variation in the
signal velocity as measurements are taken across a concrete
sample can indicate the presence ol such defects or the
presence ol matenial such as metal reinforcing bars (rebar).
Further, the UPV test method can be used to determine
compressive strength. As should be understood, compres-
s1ve strength 1s an estimate of the maximum amount of force
that can be applied normally to a surface of the concrete
sample without crushing the concrete.

ASTM C 597 describes a standard test method for utiliz-
ing pulse velocity through concrete. In one example of such
method, respective transducers are disposed on opposite or
adjacent sides of a concrete sample, such as a wall. Each
transducer includes a piezoelectric element, as should be
understood 1n this art, but other transducer crystals can be
used. An impedance matching material, which 1s used to
decrease the impedance diflerence between the piezoelectric
material and the concrete, 1s disposed between each trans-
ducer’s piezoelectric element and the concrete surface, and
a gel 1s disposed between the impedance matching material
and the concrete to fill air gaps. A control system excites one
of the two narrowband transducers to impart a pulse of
ultrasonic longitudinal mechanical waves (primary waves,
or “p-waves”) into the concrete surface, at a Ifrequency
ranging from 50 kHz to 120 kHz. The pulse travels through
the concrete and undergoes multiple reflections at occur-
rences ol density varniations within the concrete, for example
due to delamination, air pockets, or rebar. A complex system
of mechanical waves develops, including both p-waves and
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2

shear (or “s”) waves, and propagates through the concrete.
P-waves travel faster than s-waves, and where the transduc-
ers are disposed are opposite sides of the concrete sample,
the p-wave therefore first reaches the piezoelectric receiving
transducer, which in turn converts the p-wave into an
clectrical signal. The transit time (1 ;) for the pulse to travel
the known path length (L) 1s measured by the control
system, and the longitudinal pulse velocity (C,) 1s given by
the following equation:

L

1y

Cp =

The accuracy of the velocity measured by this method 1s
a Tunction of the accuracy of the measured distance (L)
between the transducers and the measured transit time (T 5).
For the pulse velocity operational mode, the programmable
data acquisition has a sampling period (h), or transit time
resolution, e.g. of 0.1 microseconds using a 10 MHz clock.

Shear waves also reach the opposite side of the concrete
wall, and using a pair of shear wave transducers similarly
disposed on opposite or adjacent sides of the concrete as the
p-wave transducers, the s-wave transit time (1) 1s similarly
measured. As should be understood in this art, s-wave
transducers are piezoelectric devices configured to mechani-
cally react 1n response to shear waves, thereby producing an
clectrical signal when the transducer 1s aflected by a shear
wave. (Given the path length (L), the shear velocity (C,) 1s
given by the following equation:

The p-wave velocity (C,) and shear velocity (C,) are
correlated to the Young’s modulus (E), Poisson’s ratio (v),
and density (p) of the material as determined by the follow-

ing equations:

_ E(l -v)
7oAl p(1 =201 +v)

o E
A 20(1 +v)

The p-wave modulus (M) i1s correlated to the p-wave
velocity (C,) and density (p) of the material as determined
by the following equation:

M=pC,’

Using shear wave transducers, the shear modulus (G) can
be correlated to shear velocity (C.) and density (p) of the
material as determined by the following equations:

G = pC?

C2 —2C;
2(C2 - C?)

C2M -2G

Thus, the Poisson’s ratio (v) can be determined without
knowing the concrete density by measuring the p-wave
velocity (C,) and shear velocity (C,). Once the Poisson’s
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ratio (v) 1s known, the control system calculates the Young’s
modulus (E) from the above equation, where density (p) 1s
known from empirical destructive (stress/strain) testing. For
conventional concrete from 200 psi to 3,000 psi, the com-
pressive strength (o) can be calculated from the following
equation:

E=0.043p*Vo

Where density (p) is in units of kg/m>, and Young’s
modulus (E) and compressive strength (o) are in MPa, the
above equation 1s applicable to twenty-eight day compres-
sive strength, and the following adaption of the American
Concrete Institute (ACI) equation can be used, with the
value of the proportionality constant (k) determined by
curve fitting experimental data:

E=iVo

The American Concrete Institute (ACI) Committee 318
recommends a model to predict the modulus of elasticity for
a wide range of concrete compressive strengths from 200 psi

to 3,000 ps1, although overestimating the modulus of elas-
ticity for compressive strength over 6,000 ps1 [ACI 318-11].

E=0.043p*Vo

where:

E=modulus of elasticity in MPa
p=density in kg/m”
o=compressive strength in MPa

E=4.38p1'50ﬂ'?5

where:

E=modulus of elasticity 1 ps1 (English)

o=density in pcf or Ib/ft’ (English)

o=compressive strength i psi (English)

The ACI Commiuttee 363 recommends a model for higher

strength concretes ranging from 3,000 psi1 to 12,000 ps1 [ACI
363R-92].

E=3320¥0+6900

where:

E=modulus of elasticity in MPa
p=density in kg/m>=2323 kg/m>
o=compressive strength in MPa

E=(40000VG+1.0x10%)(p/145)!

where:

E=modulus of elasticity 1 ps1 (English)

p=density in pcf or 1b/ft° (English)=145 1b./t>

o=compressive strength i psi (English)

The Architectural Institute of Japan (AlJ) recommends an
equation to predict the modulus of elasticity for high-
strength concretes ranging from 2,900 psi1 to 23,200 psi1
[ Tomosawa, et al 1990]. The AIl equation expresses the
modulus of elasticity (E) as a function of compressive
strength (o), and density (p):

E=k14860"°p”

where:

E=modulus of elasticity in MPa

o=density in kg/m"

o=compressive strength in MPa

k=k Kk,

k,=correction factor corresponding to coarse aggregates

k,=correction factor corresponding to mineral admixtures

Compressive strength may also be determined by acoustic
attenuation or relative amplitude, which measures the
attenuation of an acoustic wave by observing the ratio of the
wave amplitudes. As ultrasonic waves pass through mate-
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4

rials, attenuation i1s caused by beam divergence (distance
cllect), absorption (heat dissipation), and scattering. Scat-
tering 1s the only form of attenuation aflected by the char-
acteristics of the matenals through which the waves pass, as
well as the degree of inhomogeneity and frequency of the
transducer. Attenuation caused by scattering (c.o) 1s given
by:

(1 /D for diffusionrange A < D

Df* for stochastic range A ~ D

| D* f* for Raleigh range A >> D

where 1 1s the wave frequency, A 1s the wavelength, and D
1s the average inhomogeneity in concrete. D may also be the
vold or aggregate size. For A much greater than D, concrete
strength 1s related exponentially with the wave attenuation.

Porosity 1s the main factor intfluencing strength of a brittle
material such as concrete. Several models that relate strength
to porosity exist, but the most common 1s the exponential
model:

K=K, e

where K, 1s the strength at zero porosity, P 1s the fractional
porosity, and k 1s a constant that depends on the system
being studied.

Techniques for determining ultrasonic attenuation include
placement of recerving and transmitting transducers on
opposite or adjacent sides of a concrete sample. Typically,
the use of adjacent sides 1s not possible because the ampli-
tude of the pressure and the torsion waves are diflicult to
determine. However, when thickness of the structure i1s
known, 1t may be possible to utilize an 1impulse retlected ofl
of the opposing surface of the concrete sample, assuming a
suiliciently high input signal.

When porosity 1s not known, the relative amplitude ()
can be correlated to the fractional porosity (P) for a specific
condition, as shown by the following relationship between
strength (K) and relative amplitude (§3):

K:€5 2115-0.14443

The equation above 1s applicable to concrete with a
moisture content of 3-4%, an age of ninety days, made from
crushed granite aggregate with a maximum size of twenty
mm, cured by immersing in water for twenty-eight days, and
measured by the direct technique (receiving and transmitting,
transducers on opposing sides of the concrete sample) at 150
mm beam path distance without reinforcement bars. The
relative amplitude decreases as the strength 1s increased.
While the above equation 1s an example, such a relationship
between strength and relative amplitude can be drawn from
empirical testing.

When an impulse 1s transmitted through a matenal, the
relative amplitude (3) 1s given by:

b= 201&@( ]
Ap

where A 1s the pressure wave amplitude after the arrival
of the torsional wave, and A 1s the pressure wave amplitude.
Since the relative amplitude method sends an 1mpulse
through the concrete, it might also be used to correlate the
s1ize, type, and stiflness of any reinforcing {fibers. This
correlation 1s determined by sending impulses at various
frequencies and analyzing the frequency response.
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In some 1nstances, only one side of the concrete sample
may be accessible, such that thickness of a concrete sample
1s unknown. In such circumstances, or otherwise where 1t 1s
desired to determine thickness of a concrete sample, the
impact-echo method of determining concrete thickness may
be used, as described 1n the ASTM C 1383 standard. The
impact-echo test involves two modes of operation, both of
which rely upon mechanical waves imparted to a concrete
sample by an impact hammer. The impact hammer produces
a mechanical impact on the concrete surface, generating
multiple modes of vibration, including p-waves, s-waves
and Rayleigh waves. The impact hammer includes a steel
ball head 1n which 1s disposed a piezoelectric element that
generates an electrical signal when the steel ball strikes the
concrete sample. The impact hammer outputs this signal to
a computer system, allowing the computer system to rec-
ognize that the test has begun and to therefore configure the
system to receive the receiving transducer output.

The first part of the test determines p-wave speed, based
on reception of the hammer-imparted p-wave detected by a
pair of broadband transducers disposed on the same concrete
surface at which the hammer imparts the mechanical wave.
Both transducers may include piezoelectric elements that are
coupled to the concrete surface. The receiving transducers
are independently disposed on the concrete surface at a fixed
distance, e.g. about 300 mm, apart. Although disposed on the
concrete surface independently of each other, a spacer may
be placed between them to fix the desired distance. The
operator strikes a hammer on the concrete surface on the
same line that includes the centers of the two receiving
transducers, at a distance of 150+/-10 mm from the closest
transducer, with an impact duration of 30+/-10 microsec-
onds.

When the p-wave reaches the two piezoelectric receiver
transducers, the transducers convert the mechanical energy
to an electrical signal that 1s output to a computer. Upon
reception of the signals from the receiving transducers, the
computer determines the difference 1n time between the two
signals, 1.e. the p-wave’s time of travel between the two
receiving transducers, or (At). Since the distance (L)
between the receiving transducers 1s known, the computer
calculates p-wave speed (C,) by dividing distance by travel
time. P-wave speed 1n concrete 1s then converted to the
apparent p-wave speed 1n a plate (C, ,,,.=0.96 C)).

The second part of the test determines the frequency of a
standing wave generated by the hammer impact, 1.e. the
resonance Irequency. A broadband transducer 1s manually
disposed on the concrete surface, and the operator strikes the
same concrete surface with the impact hammer near the
transducer. The piezoelectric element at the impact hammer
head outputs a signal from the hammer to the computer that
triggers the computer to watch for a response from the
broadband receiving transducer. The impact generates a
p-wave that propagates into the concrete plate and retlects
from the opposite surface. The return wave reflects, 1n turn,
from the mnitial impact surface, and so on, giving rise to a
transient thickness resonance. The broadband transducer
converts the detected wave into an electrical signal that 1s
output to the computer, which captures the output as a time
domain waveform. The computer obtains a Irequency
domain signal through a windowing function and execution
of a Fast Founier transform. A Hamming window may be
used to reduce ringing 1n the spectral values outside the
windows. A sampling period may be two microseconds,
using a S00 kHz clock and 1024 data points in the recorded
wavelorm. The duration of the recorded wavetform 1s 2048
microseconds, giving a spectral resolution of 488 Hz in the
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signal spectrum. There are 512 frequency channels, and the
maximum sample frequency 1s 250 kHz. The computer

displays 1024 samples 1n the time domain and 512 bins (250
kHz) 1n the frequency domain. The resonance frequency (1)
appears as a peak in this wavetorm, which the software
application 1dentifies.

Thickness of the concrete plate 1s then given by the
following equation:

Cp, plate

2f

1T =

The actual impact has a significant nfluence on the
success of the impact-echo test. The estimate of the maxi-
mum frequency in the frequency domain excited 1s the
inverse of the impact hammer’s contact time at the concrete
surface. Thus, a shorter contact time results 1n a higher range
of frequencies contained in the pulse mmparted into the
concrete by the impact hammer, and the depth of the
opposing surface (which may be the opposite surface of the
concrete sample, or a defect or object located within the
sample that creates an mtermediate standing wave) which
can be detected decreases according to the equation above.
Short duration 1mpacts are needed to detect opposing sur-
faces and defects that are near to the surface upon which the
test 1s performed. Sansalone and Streett, “Impact-Echo:
Nondestructive Evaluation of Concrete and Masonry,”
(1997), provide an estimate of the maximum frequency
(1__.=291/D) for a steel ball bearing of diameter D, and 1t 1s
known for an impact hammer to utilize interchangeable steel
and stainless steel balls that vary in diameter. As steel ball
diameter increases in the impact hammer, so does maximum
detectable thickness.

Depending upon knowledge of the characteristics of the
concrete sample, the concrete density may be known.

The ultrasonic pulse echo method may be used on one
side of a concrete sample to determine both thickness and
concrete characteristics 1n the sample when only one side of
the sample 1s available. In particular, this method may be
used to detect internal features, such as the location and
density of rebar. The principle 1s based on the measurement
of the time interval between transmitting an ultrasonic
impulse into the sample and receiving an echo. The transit
time (1) of the pulse to traverse twice the path length to (L)
]ijs measured, and the longitudinal pulse velocity (C,) 1s given

y:

Ultrasound 1s highly attenuated in concrete, and {for
increasing thicknesses, 1t may theretore be diflicult to effec-
tively obtain an echo signal. Thus, to overcome the effects
of wave scattering, and thus attenuation, caused by aggre-
gates and air pores, the frequency of the ultrasound signal 1s
typically low, and can be as low as 50 kHz.

To implement this method, two narrowband transducers
are applied to the same side of the concrete sample, at a
predetermined distance apart {from each other. The computer
system excites one ol the two transducers, causing the
transducer to impart a mechanical signal into the sample.
The computer system 1s in communication with both the
transmitting and receiving transducers, actuating the trans-
mitting transducer and receiving the electrical signal from
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the receirving transducer. The signal received from the
receiving transducer will include data describing both a

surtace wave and reflections. To remove the surface wave
data, leaving the reflection data, the computer system applies
a signal processing technique known as frequency-wave
number filtering (FK filtering). FK filtering uses the slope of
the data to selectively remove values that lie along a
particular line (two dimensional filtering).

In essence, the pulse-echo method determines the time of
flight of the mechanical pulse imparted into the concrete
sample and retlected back from the opposing side of the
sample or an intermediate object, such as rebar. By taking
these measurements sequentially across a concrete sample,
the most common detected distance 1s typically from the
opposing sample side. Accordingly, anomalies of shorter
distances that appear in the output data correspond to
positions at which imbedded material may occur.

SUMMARY OF THE INVENTION

In a method of determining a characteristic of a concrete
sample 1n an embodiment of the present invention, at least
one broadband transducer i1s disposed 1n contact with a
surface of a concrete sample. A {first mechanical wave 1s
imparted 1n the concrete sample at a position proximate to
the broadband transducer so that a standing wave 1s estab-
lished 1n the concrete sample and so that the standing wave
1s detectable by the at least one broadband transducer. The
standing wave 1s detected at the at least one broadband
transducer, and at least one corresponding output signal 1s
generated. A resonant frequency of the standing wave 1s
determined from the at least one broadband transducer
output signal. A plurality of narrowband transducers are
disposed 1n contact with the concrete surface at predeter-
mined distances from each other. At least one of the nar-
rowband transducers i1s actuated so that the at least one
transducer imparts a second mechanical wave at the surface
of the concrete sample. The second mechanical wave 1s
received by at least one other narrowband transducer, and at
least one respective output signal 1s responsively generated.
Based on the at least one narrowband transducer output
signal, a velocity of the second mechanical wave 1s deter-
mined. Based on the velocity of the second mechanical wave
and the resonant frequency, a depth of a characteristic of the
concrete sample 1s determined.

A device for determiming characteristics of a concrete
sample 1n another embodiment of the present invention
includes an impact device for imparting a first mechanical
wave to a concrete sample so that a standing wave 1s
established in the concrete sample. The device includes at
least one broadband transducer for detecting the standing
wave and responsively generating an output signal, and a
frame. A plurality of narrowband transducers 1s secured by
the frame at predetermined distances with respect to each
other and so that coupling surfaces of the narrowband
transducers are generally coincident to a surface shape
corresponding to a surface of the concrete sample. A control
device 1s 1n commumnication with the broadband transducer
and the narrowband transducers, and 1s configured to receive
at least one output signal from the at least one broadband
transducer, and actuate at least one of the narrowband
transducers to 1mpart a second mechanical wave at the
surface of the concrete sample. The control device receives
at least one output signal from and generated by respective
at least one other of the narrowband transducers in response
to reception of the second mechanical wave. The control
device determines from the at least one broadband trans-
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ducer output signal a resonant frequency of the standing
wave. Based on the at least one narrowband transducer
output signal, the control device determines a velocity of the
second mechanical wave, and, based on the velocity of the
second mechanical wave and the resonant frequency, deter-
mines a depth of a characteristic of the concrete sample.

In a further embodiment, a device for determining char-
acteristics of a concrete sample includes a frame and a
plurality of shear wave transducers secured by the frame at
predetermined distances with respect to each other and so
that coupling surfaces of the shear wave transducers are
generally coincident to a surface shape corresponding to the
surface of the concrete sample. A plurality of primary wave
transducers 1s secured by the frame at predetermined dis-
tances with respect to each other and so that coupling
surfaces of the primary wave transducers are generally
comncident with the surface shape. A control device 1s 1n
communication with the shear wave transducers and the
primary wave transducers and 1s configured to actuate at
least one of the shear wave transducers so that the at least
one shear wave transducer imparts a shear wave 1n the
concrete sample, and to actuate at least one of the primary
wave transducers so that the at least one primary wave
transducer imparts a primary wave in the concrete sample.
The control device receives at least one output signal from
respective at least one other of the shear wave transducers in
response to reception of the shear wave by the at least one
other shear wave transducer. The control device receives at
least one output signal from respective at least one other of
the primary wave transducers in response to reception of the
primary wave by the at least one other primary wave
transducer.

In an additional embodiment, a device for determining
characteristics of a concrete sample includes a frame and a
plurality of first transducers secured by the frame at prede-
termined positions with respect to each other and so that
coupling surfaces of the first transducers are generally
coplanar with each other, and a control device 1n commu-
nication with the first transducers and configured to actuate
at least one of the first transducers so that the at least one first
transducer imparts a mechanical wave in the concrete
sample. The control device receives at least one output
signal from respective at least one other of the first trans-
ducers 1n response to reception of the mechanical wave by
the at least one other first transducer. Based on the received
at least one output signal, the control device determines a
depth of a characteristic of the concrete sample. The first
transducers are arranged in the frame so that an area that 1s
within a plane parallel to the coupling surfaces and in the
concrete sample, and that 1s bounded within the plane by an
extent of the mechanical waves that pass through the plane
and that are receivable by the first transducers, has a
dimension parallel to the coupling surfaces of at least about
two feet.

In a still further embodiment, a device for determining
characteristics of a concrete sample 1includes a frame and a
plurality of first transducers secured by the frame at prede-
termined positions with respect to each other and so that
coupling surfaces of the first transducers are generally
coplanar with each other. A control device 1s in communi-
cation with the first transducers and 1s configured to actuate
at least one of the first transducers so that the at least one first
transducer imparts a mechanical wave in the concrete
sample, and to recerve at least output signal from respective
at least one other of the first transducers i1n response to
reception of the mechanical wave by the at least one other
first transducer. Based on the received at least one output
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signal, the control device determines a depth of a charac-
teristic of the concrete sample. The first transducers are
arranged 1n the frame so that an area that 1s within a plane
parallel to the coupling surfaces and within the concrete
sample, and that 1s bounded within the plane by an extent of
the mechanical waves that pass through the plane and that
are receivable by the first transducers, has a dimension
parallel to the coupling surfaces at least as long as the
distance between reinforcing bars in the concrete sample.
The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate one or
more embodiments of the invention and, together with the
description, serve to explain the principles of the mnvention.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure of the present invention,
including the best mode thereof, directed to one of ordinary
skill 1n the art, 1s set forth 1n the specification, which makes
reference to the appended drawings, 1n which:

FIG. 1A 1s a perspective view of a device for determinming,
characteristics of a concrete sample according to an embodi-

ment of the present mnvention;
FIG. 1B 1s a side view of the device illustrated in FIG. 1A;
FIG. 1C 1s a side view of the device 1llustrated in FIG. 1A;

FIG. 1D 1s a bottom view of the device as in FIG. 1A;

FIG. 2 1s an exploded view of a device as 1 FIG. 1A;

FIG. 3 1s a schematic illustration of a narrowband trans-
ducer used 1n the device as shown in FIG. 1A;

FIG. 4 1s a schematic block diagram of control circuitry
utilized 1n the device as 1in FIG. 1A;

FIG. 5 1s a flow chart illustrating steps performed by
application software located at the control system of the
device illustrated 1in FIG. 1A;

FIG. 6 1s a table illustrating operating characteristics of
the device as shown 1n FIG. 1A;

FIG. 7 1s a schematic illustration of an impact hammer
and broadband transducer for use with the device as 1n FIG.
1A;

FIGS. 8A and 8B are graphical illustrations of signals
generated by transducer of the device illustrated i FIG. 1A;

FIG. 9 graphical 1llustrates a signal generated by a trans-
ducer of the device illustrated 1n FIG. 1A; and

FIGS. 10A-10E are screen displays of a graphical user
interface operated by the device illustrated 1n FIG. 1A.

Repeat use of reference characters 1n the present specifi-
cation and drawings 1s intended to represent same or analo-
gous features or elements of embodiments of the present
invention.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

L1
M

ERRED

Reference will now be made 1n detail to presently pre-
terred embodiments of the invention, one or more examples
of which are 1llustrated 1n the accompanying drawings. Each
example 1s provided by way of explanation of the invention,
not limitation of the invention. In fact, it will be apparent to
those skilled 1n the art that modifications and variations can
be made 1n the present invention without departing from the
scope and spirit thereof. For instance, features 1llustrated or
described as part of one embodiment may be used on another
embodiment to yield a still further embodiment. Thus, 1t 1s
intended that the present invention covers such modifica-
tions and variations as come within the scope of the present
disclosure.
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Reterring to FIGS. 1A-1E and 2, a hand held device 10 for
determining characteristics of a concrete sample 12, for
example a wall, includes a housing 14 that encloses a
transducer array unit assembly 16 and a control device
comprised of a data acquisition unit assembly 18 and a
controller unit 20. Housing 14 1s made from a glass-filled
NYLON 12, or other suitable thermoplastic or other material
that, together with frame 22, forms a watertight device
housing. Transducer array unit assembly 16 includes a frame
22 having a rim 24 that i1s generally rectangularly shaped and
that 1s adhesively attached to a polymer trim 26 that receives
rim 24 within a circumierential groove defined by trim 26.
A gasket (not shown) 1s disposed between rim 24 and an
open rim 27 of housing 14 to provide a watertight seal
between the housing and the plate. The trim encloses the
acoustic coupling surfaces of the transducers held by frame
22 when device 10 1s pressed against a concrete surface, as
discussed below, and serves as an electrical insulator
between the electronics of device 10 and the concrete
sample. Rim 24 of frame 22 attaches to rim 27 of housing
14 with a rubber gasket (not shown) between the rim and the
housing to provide a water/dust seal.

Frame 22 includes a generally planar plate 28 that 1s
bounded by rim 24 and that 1s continuous except for twenty
circular holes at which corresponding transducer sleeves 30,
32, and 34 are attached or integrally formed. Each sleeve 30,
32, and 34 is cylindrical in shape and open at both ends. The
openings in plate 28 correspond to the respective sleeve
diameters. The metal at the sleeve base may be rounded at
corners 36.

Each transducer sleeve 30, 32, and 34 has an inner
diameter sized so that the sleeve receives a respectively
s1zed transducer 38, 40, and 42. Each sleeve defines a pair
of slots 44 that extend longitudinally (parallel to the sleeve
ax1is) on opposite sides of sleeve’s cylindrical body and that
open to the open end of the sleeve opposite plate 28. Each
transducer 38, 40, and 42 has a pair of pins or ridges 435
disposed on opposite sides of the transducer body and
having a width corresponding to the width of the slot 44 1n
the sleeve 1 which the transducer 1s recerved. Sleeves 30
include one slot 44, for one corresponding rib 45 on trans-
ducers 38, and a larger slot to receive a BNC connector, but
it should be understood that the sleeves can include two slots
44 to receive two transducer ribs 45. Each ridge extends
sufliciently radially outward from the transducer’s center
axis so that the transducer’s opposing pins or ridges 45 are
slidingly received in the corresponding slots 44 as the
transducer 1s recerved through the open sleeve top end and
into the sleeve. The bottom edge of each pin or ridge 45
comes to rest at the closed bottom end of 1ts corresponding
slot 44, thereby defining the transducer’s lower limit of
travel toward and through the openings in plate 28.

Although sleeves 30, 32 and 34 are shown 1n FIG. 2 as
open on their ends opposite plate 28, this 1s for purposes of
clanity and explanation only, and in the assembly, each
sleeve has a cap (see cap 29) that 1s secured to the open
sleeve ends (see 31) to retain the transducers in the respec-
tive sleeves. As 1illustrated in FIG. 2, each transducer
includes one or more BNC connectors 62 that deliver
clectrical signals to (in the case of transmitting) or deliver
clectrical signals from (in the case of receiving) the trans-
ducer. Each BNC connector 1s connected to a wired lead that
extends (e.g. through the sleeve or cap) and connects to a
corresponding BNC connector on board 64, thereby con-
necting the transducer to the board 64 circuitry. At each
sleeve, a spring (not shown) 1s disposed between the cap and
the transducer and biases the transducer away from the cap
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in the direction toward and through plate 28. When device
10 1s not pressed to a concrete surface, the force of these
springs pushes the transducers so that their ribs 45 engage
the bottom of their respective sleeve slots 44. In this
condition, the transducer coupling surfaces 46, 48 and 50 of
respective transducers 38, 40 and 42 are coplanar, within a
plane that 1s defined below (with respect to housing 14) the
plane defined by the open end of trim 26. As the user presses
device 10 to a concrete surface, therefore, the transducer
coupling surfaces engage the concrete surface before trim
26, and as the user applies pressure to housing 14 until trim
26 engages the concrete surface, the concrete surface reac-
tion force pushes the transducers back against their respec-
tive sleeve springs, causing the transducers to slide back 1nto
their sleeves 1n the slots 44, toward the sleeve caps. The
resulting spring pressure facilitates the coupling of the
transducer coupling surfaces to the concrete surface and
causes a pliable, malleable solid coupling material (de-
scribed below) between the coupling surfaces and the con-
crete surface to deform 1n a manner to fill air gaps between
the transducer coupling surfaces and the concrete surface. It
will be apparent, as well, that although the present discus-
s10n assumes a planar concrete surface, the individual trans-
ducer movement allowed by the sleeve/spring arrangement
allows device 10 to be used as well on non-planar surfaces,
as the transducers can accommodate some variation from a
plane. The force applied by the individual springs may vary,
but 1n the illustrated example each spring applies a force
within a range of about one pound to about three pounds at
the point at which the transducers have pushed back against
the springs so that the transducer coupling surfaces are
coplanar with the open end of trim 26. Because, as discussed
below, the output signals from p-wave transducers 40 and
s-wave transducers 38 are processed with automatic gain
control, greater tlexibility can be allowed 1n the force with
which they contact the concrete surface, and 1n this example
their springs apply a force near one pound. As also described
below, however, the output signals from transducers 42 are
not subject to automatic gain control, and i this example
their springs apply a force of near three pounds.

When device 10 1s placed on a generally planar concrete
surface so that transducers 38, 40, and 42 operatively engage
the concrete surface, all of coupling surfaces 46, 48, and 50
are disposed with respect to the concrete surface so that the
given transducer can transmit or receive mechanical waves
into or from the concrete sample at 1ts operative frequency
range, depending on 1ts mode of operation in the system.
Transducer coupling surfaces 46, 48, and 50 engage the
concrete sample surface through solid coupling materials 56,
58, and 60, each sized correspondingly to the coupling
surface of 1ts transducer. Each coupling pad 56, 38, and 60
couples 1ts corresponding transducer 38, 40, and 42 to the
concrete by filling any spaces between the transducer cou-
pling surfaces and the concrete surface, eliminating air gaps
that could otherwise interfere with the transmission or
reception of mechanical waves to or from the concrete. Such
material should be pliable and malleable, so that it can
conform into the air gaps, and may be made, for example, of
suitable composites as should be understood. Preferably, the
coupling material 1s thin relative to transducer wavelength to
lessen an 1impedance eflect. In alternative embodiments, the
dry material may be replaced by gel or liquid coupling
materials, as should be understood. The use of solid, gel, or
liguid materials to couple transducers to materials such as
concrete, should be understood and i1s therefore not dis-
cussed 1n further detail herein.
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Transducers 38 are narrowband shear wave transducers,
for example, as manufactured by CTS Valpey Corporation,
of Elkhart, Ind., Model No. SS0.058. Transducers 40 are
narrowband p-wave transducers, for example, such as manu-
factured by Proceq SA and Proceq USA, Inc., of Aliquippa,

Pa., Model No. 32540130. The construction of narrowband
transducers 42 1s discussed 1n more detail below. Each of
transducers 38, 40, and 42 has disposed about its outer
circumierence one or more elastic O-rings that engage the
inner circumierential surfaces of their corresponding sleeves
to assist 1n locating the position of the transducer and to
provide a sealing engagement.

As should be understood, a piezoelectric transducer’s
bandwidth may be considered that part of the transducer’s
frequency response that 1s within 3 db (or half power) of the
peak response. The transducer’s QQ, or quality, factor 1s the
peak frequency 1n the response, divided by the transducer’s
bandwidth. A narrowband transducer i1s one that can be
considered to operate at a single frequency, whereas a
broadband transducer operates over a range of {requencies.
The contrast between a single frequency and a range of
frequencies depends on the context of the device, and thus
the definition of what constitutes narrowband and broadband
can vary as appropriate for the circumstances.

Transducer array unit assembly 16 also includes the
printed circuit board 64 at which 1s disposed circuitry that
controls voltage pulse amplifier, multiplexer, signal recep-
tion and processing, and LED functions, so that the trans-
ducers and control circuitry perform the functions described
herein. Board 64 is received and secured in the interior of
housing 14 so that when transducers 38, 40, and 42 are
received 1n their respective sleeves 30, 32, and 34, and frame
22 1s secured to housing 14, each of the transducers makes
clectrical contact with the circuitry of board 64 via BNC
connectors and associated leads.

The transducer array includes three shear wave transduc-
ers 38 and three primary wave transducers 40. In each group
of three transducers, the control device operates one trans-
ducer as a transmitter and the other two as receivers. The
centers of the circular coupling surfaces of each p-wave and
s-wave transducer can be considered the transducers’ opera-
tive centers. Considering receiving shear wave transducers
38a and 38b, a line 66 passes through their centers, and
transmitting shear wave transducer 38c¢ 1s considered to be
aligned linearly with its receiving transducers 38a and 385
in that 1ts operative center also lies generally on line 66.
Similarly, transducers 40 include a pair of receiving trans-
ducers 40aq and 405 and a transmitting transducer 40c¢. The
operative centers of transducers 40a and 405 also define a
line that also generally passes through the operative center
of transmitting transducer 40a. In this example, transducers
40 and transducers 38 are, additionally, collinear with each
other so that all transducers 38 and 40 are generally aligned
on line 66, although in other embodiments, the transducer
groups are not collinear. Still further, the transducer groups
38 and 40 overlap i1n that transducers 40 are disposed
between transmitting transducer 38¢ and the nearest receiv-
ing transducer 385. Due to the collinear, spatially overlapped
arrangement of the transducers, the mechanical waves trans-
mitted and received by the two transducer groups at least
partially share a common path through the concrete, thereby
increasing the similarity of conditions experienced by the
s-waves and the p-waves by reducing the impact of con-
crete’s inherent non-homogeneity. This beneficially impacts
the reliability of the resulting measurements.

The coupling surfaces of transducers 42 are also circular
in circumierence. In the illustrated embodiment, there are
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fourteen transducers 42 secured by plate 28, and the plate
holds the transducers so that their operative centers are
aligned collinearly generally along a line 68. Lines 68 and
66 arc parallel to each other, although 1t should be under-
stood that other arrangements are possible.

In the embodiment described herein, the diameters of the
coupling surfaces of shear wave transducers 38, primary
wave transducers 40, and primary transducers 42 are about
1.25, two, and one inch, respectively. Preferably, the trans-
ducers are acoustically i1solated from the plate, e.g. by the
clastic O-rings so that the transducers do not induce vibra-
tions 1n the plate capable of actuating other transducers held
by the plate. Considered along line 66, the operative centers
of receiving p-wave transducers 40a and 405 are separated
by a distance 70 of about three inches. The operative center
of transmitting p-wave transducer 40c 1s separated from the
center of its closest recerving transducer 40a by a distance
72 of about six inches. The centers of receiving shear wave
transducers 38a and 385b are separated by a distance of 74 of
about three inches, and the center of transmitting shear wave
transducer 38c¢ i1s separated from the center of its closest
receiving transducer 385 by a distance 76 of about eighteen
inches.

Considered along line 68, the centers of each pair of
adjacent transducers 42 are separated by a distance 77 of
about 1.5 inches, and the centers of the two furthest trans-
ducers 42 are separated by a distance 78 of about 19.5
inches. Generally, the separation between the two endmost
transducers 42 1s suflicient so that the measurements con-
ducted by the linear array can be expected to detect the
presence of rebar, even 1if the rebar 1s separated by its
greatest expected separation, and regardless where the
device 1s applied to the concrete sample. Considered from
the viewpoint of a plane parallel to the coupling surfaces of
transducers 42 within the concrete sample at a depth at
which the rebar 1s expected, the linear dimension, parallel to
line 68, of the intersection of the combined signal cones
from and to the transducers 42 and this plane 1s at least as
long as the longest expected separation of reinforcing bars.

As apparent from FIGS. 1A and 1D, the transmitting and
receiving s-wave transducers 38 are separated by a longer
distance than are the transmitting and receiving p-wave
transducers. Because the p-wave component of the signal
imparted by the transmitting s-wave transducer travels faster
than the s-wave component, the longer separation between
the shear wave transmitter and receivers allows greater
separation between the wave components when they reach
the receivers, decreasing the likelihood that the p-wave
component contributes significantly to the detection of the
s-wave component by the receiving s-wave transducers.

As described 1n more detail below, transducers 42 are
actuated 1n sequential pairs, beginning at one end of the row
along line 68. Consider, for example, the leftmost transducer
42 on line 68, in the perspective as in FIG. 1A (or, the
bottommost transducer 42 1n FIG. 1D). Upon actuation of a
rebar location test described below, the control device
excites this transducer to impart a mechanical pulse into the
concrete surface and selects the transducer to 1ts immediate
right from which to receive an electrical signal correspond-
ing to the resulting mechanical wave it detects. After a
predetermined settling time, the control circuitry then actu-
ates the second transducer 42 on line 68 (1.e., the i mmedi-
ately previously receiving transducer) to impart the next
mechanical wave into the concrete sample, and selects the
immediately adjacent transducer 42 to the right on line 68
from which to receive the next data signal. This cycle
continues, with the operative pair of transducers 42 sequen-
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tially shifting one transducer to the right for each measure-
ment, until the rightmost transducer 42 (or, topmost trans-
ducer, in FIG. 1D) functions as the receiving transducer. The
control device then actuates the last (rightmost) transducer
as the transmitting transducer, with the transducer immedi-
ately to the left as the receiving transducer. Accordingly, 1n
one complete cycle of the fourteen transducers, all the
transducers function as a transmitter, and all but the leftmost
transducer function as a receiver (with the next to last right
transducer operating as a receiver twice), and there are
fourteen operative pairs of transducers within the group of
fourteen transducers 42.

As noted, 1 the presently described example, the diam-
eter of transducers 42 (including the transducer housing,
although for purposes of explanation, this can also be
considered the diameter of the transducer’s coupling sur-
face) 1s about one inch. This diameter 1s 1n turn related to the
concrete characteristic that device 10 1s configured to detect,
in this mstance steel reinforcing bars (rebar), and 1n particu-
lar to the resolution needed to detect the rebar. As should be
understood, reinforcing bars in large, generally planar-type
concrete elements, e.g. walls and slabs, are commonly
spaced about six inches apart. Generally, however, rebar
spacing can vary in typical concrete structures from about
three inches to about eighteen inches. Because the minimum
rebar spacing 1s expected to be about three inches, the array
of transducers 42 should operate with a resolution of at least
three inches 1f i1t 1s desired to maintain the capability to
distinguish between adjacent bars. To accurately 1dentity the
rebar occurrences according to the Nyquust criterion without
spatial aliasing, then, the maximum spacing between sam-
pling points 1s half the desired resolution, or 1.5 inches. If 1t
1s assumed that each transmitting/receiving pair of transduc-
ers 42 detects the presence of rebar at points on a line
bisecting the parallel axes of the two adjacent transducers,
then these bisecting lines should be spaced apart by a
maximum distance of 1.5 inches, and since each operative
pair of transducers 42 1s shifted one transducer spacing from
the previous pair, this maximum distance 1s also the maxi-
mum distance between the centers of adjacent transducers
42. Because the distance between transducers corresponds to
the distance between the transducers’ centers, a maximum
transducer spacing of 1.5 inches means that the transducers
should be less than 1.5 inches 1n diameter, and to allow
suitable 1solation, preferably about one inch or less.

It should be understood, however, that larger-diameter
transducers may be used within the scope of the present
disclosure. In that event, unless the actual rebar spacing
were known, and unless that spacing were within the
device’s resolution, the device would be able to 1dentify the
presence of rebar, but not confidently identify a given bar’s
position with respect to an adjacent bar. Accordingly, 1n such
embodiments, the identifying array 108 of LEDs (described
below) might be omitted 1n favor of a single LED or
commonly activated LED array that 1s activated whenever
the device 1dentifies the presence of rebar.

Returning to the present example, because the maximum
expected spacing of rebar 1s eighteen inches, and given the
transducer spacing of about 1.5 inches, fourteen transducers
are used 1n order to assure that when the device 1s pressed
onto a concrete surface 1 two 90° offset positions, the linear
array will detect rebar 11 it 1s present in the sample. This
results 1n an array of transducers 42 of about 19.5 inches,
with a resulting length of housing 14, in the dimension of
lines 66 and 68, of about two feet. As should be appreciated
by the present disclosure, however, the number, dimensions,
and arrangement of transducers 42 may vary as desired, and




US 10,436,767 B2

15

in particular with respect to the concrete characteristic being
measured. The device as presently described in these
examples weighs about ten pounds, and 1n this example the
about ten pound weight and about two feet maximum
housing dimension allow the device to be used as a handheld
device. It should be understood, however, that these dimen-
sions and weight can vary, and for example the present
invention contemplates the device 10 constructed at a weight
less than about ten pounds and/or with a major dimension 1n
a plane parallel to the plane of plate 28 shorter than about
two feet.

Similarly, in other embodiments, parallel rows of trans-
ducers 42 may be utilized, 1.¢., a two-dimensional or other
multi-dimensional array. Multi-dimensional arrays may be
desirable, depending on the measured-for characteristic. In
this presently-described example of an array utilized for
detecting rebar, however, a linear array 1s effective and also
beneficially reduces the size of device 10. Because rebar 1s
typically disposed in concrete as parallel bars, an operator
may make two measurements at a 90 degree oflset with
respect to each other, but otherwise at the same or similar
location on the concrete surface, and have confidence that 1f
the rebar 1s uniformly distributed within the concrete
sample, one or both of these two measurements should
detect its presence.

Referring to FIG. 3, each transducer 42 has a generally
cylindrical housing 82 made of polyether ether ketone, or
PEEK, that defines a generally central groove 84 1n which 1s
disposed an elastic O-ring 86 that engages the inner circum-
ference of the transducer sleeve 34 (FIG. 2) 1n which the
transducer 1s recerved. Housing 82 defines a generally
cylindrical inner bore 88 1n which 1s disposed a piezoelectric
clement 90 formed of a piezoelectric epoxy composite
material, for example a piezoelectric ceramic known as
PZT-5H2, that has a thickness of approximately one inch, an
acoustic impedance of 12.1 MRayls, and a resonance fre-
quency of 56 kHz. A backing material 92 fills a chamber
immediately behind piezoelectric element 90. Backing 92 1s
a dielectric material that holds the piezoelectric element 90
in place and dampens ringing 1n the piezoelectric element
after the imitial pulse. In one embodiment, backing 92 1is
comprised of particles of various sizes of tungsten mixed
with an epoxy resin in a ratio such that the composite has a
resultant acoustic impedance of 12 MRayls. A front face 94
1s disposed at the forward end of piezoelectric element 90
and defines the coupling surface 96. Front face 94, in this
example, 1s made of a glass ceramic, for example sold under
the name MACOR available from Corning, Inc., of Corning,
N.Y., that has an acoustic impedance of 11.7 MRayls. Front
face 94 acts as a buller plate that protects piezoelectric
clement 90 from the rough concrete surface and that 1s stable
at high temperatures without significant thermal expansion.
The front face reduces the impedance mismatch between the
piezoelectric element and the concrete surface. A thin dry
solid couplant layer 98 (1dentified as 60 in FIG. 1A) couples
the transducer to the concrete by filling any gaps between
front face 94 and the concrete surface, eliminating air gaps
that could otherwise interfere with the transmission of
mechanical waves to the concrete from the transducer.

As should be apparent from the present disclosure, the
transducers described herein may operate 1n the acoustic or
ultrasonic frequency ranges, but for purposes of explanation
may be referred to generally as acoustic transducers having,
acoustic coupling surfaces.

Data Acquisition Unit 18 includes a printed circuit board
100 that houses a main microprocessor that controls the
operation of device 10, as well as a dedicated microproces-
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sor for automatic gain control. The organization and opera-
tion of the circuitry of board 100 1s discussed 1n more detail
below. Batteries and a sealed battery compartment (not
shown) may be provided in housing 14 as a power source,
and/or DC power may be supplied by an external power
source via a power mput port 1 housing 14.

The control device also includes a controller unit 20, 1n
this example a mobile computing device that comprises one
Oor more microprocessors that execute an operating system
that supports programmable computing features and the
installation of application programs. Mobile device 20
includes mput/output capability that allows operative con-
nection to the control circuitry at board 100. Device 20 also
includes a display driven through the operating system by a
graphical user interface, as described below. In one embodi-
ment, controller unit 20 1s a commercially-available “smart
phone” that 1s received 1n a correspondingly shaped cavity
102 1in housing 14. A cover plate (not shown) may be
provided at housing 14 to hold controller unmit 20 1n place. It
should be understood that controller umit 20 can comprise
another type of computing or mobile device, such as a tablet,
or may comprise a dedicated processor and related circuitry
disposed on a circuit board secured within a corresponding
cavity 102.

A LEMO connector 104 allows communication between
the microprocessor at board 100 and an impact hammer/
broadband transducer assembly 176 (FIG. 7), as described
below. A pair of test initiation buttons 107 (FIG. 1C) are also
mounted 1n housing 14 near handles 52 and 54 (for ease of
access by the user holding the device) and are connected to
the microprocessor at board 100 through a general purpose
input/output to establish an actuation signal, as described
below. A master switch 109 selectively switches a USB
connector (located between an on/ofl switch 106 and LEMO
connector 104) between operation as a power jack and as a
means for connecting an alternate computer device. On/ofl
switch 106 activates and deactivates device 10 and 1ts power
source. A fuse 1s provided in a holder 113, and a DC power
input jack 1s provided at 111. Fourteen LEDs of linear array
108 are mounted 1n housing 14 and are driven by an LED
driver board portion of board 64 and controlled by the
microprocessor at board 100. As described below, those
LEDs correspond to transducers 42, and in the illustrated
example, the LED array 1s aligned proximate the bottom
edge of housing 14, and the LEDs approximately spaced, so
that the LEDs are spatially aligned with respective trans-
ducers 42.

Referring to FIG. 7, a transducer/impact hammer assem-
bly 176 includes an impact hammer 178 and a broadband
transducer 180. Impact hammer 178 includes a hand gri-
pable handle 182 from which extends a semi-rigid hollow
polymer tubing 184, at the end of which 1s interchangeably
disposed a one-and-three-eighths inch (or other size, as
selected by the user) steel ball 186. A piezoelectric element
1s disposed within steel ball 186 and 1s connected to an
output wire (not shown) at a sheathing 188. The output wire
extends through handle 182 to a harness 190 at which the
wire 1s 1nsulated from, but mechanically joimned to, an
input/output wire to broadband transducer 180, 1n an overall
device communication wire 192. Wire 192 has a communi-
cation jack (not shown) disposed on 1ts opposing end, for
insertion 1 LEMO connector 104 (FIG. 2).

As discussed herein, the actual impact applied by hammer
ball 186 has a significant influence on a success of the test,
and 1mpact hammer 178 utilizes interchangeable steel balls
that vary in diameter accordingly. As steel ball diameter
increases, the detectable resonant frequency of a signal
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imparted by the hammer decreases, and the maximum
detectable sample thickness thereby increases. The one-and-
three-eighths 1nch ball 1s effective at least for concrete walls
of about two, three and six feet in thickness, although 1t
should be understood this may vary. Because the direction of
the mechanical wave imparted to the concrete varies directly
with the size of the steel ball, and because the impact’s
duration should be shorter than the time needed for the
resulting wave to traverse the sample’s thickness, a smaller
steel ball may be used where concrete thickness 1s expected
to be low.

Transducer 180 includes a steel housing 194 that encloses
an 1nternal transducer assembly constructed generally simi-
larly to the transducer described with respect to FIG. 3, with
a spring biasing the internal transducer assembly so that the
internal transducer assembly’s front face 196 extends for-
ward at the distal portion of transducer 180. The broadband
transducer comprises a piezoelectric crystal mounted on a
tungsten epoxy backing containing tungsten particles of 250,
25, and less than 1 micron 1n diameter. Flectrical connec-
tions pass through the backing to the crystal. A MACOR
tacer 1s disposed in front of the crystal and defines the
transducer’s coupling surface. "

T'he piezoelectric crystal 1s
preferably composed of an epoxy/PZT composite having an
acoustic 1mmpedance of 12 MRayls with an operation
between zero Hz and 50 KHz, but the ratio of PZT to epoxy
can be adjusted to match the workpiece material. As
described above, a solid, dry coupling matenal 1s secured to
the acoustic coupling surtace of the piezoelectric transducer
clement 1 order to couple the transducer element to the
concrete surface. The dry contact pad has a similar response
curve to the ultrasonic gel that 1s commonly used 1n acoustic
testing.

FIG. 4 provides a schematic functional diagram of the
control device and certain devices with which 1t interacts,
and FIG. § illustrates the operation of device 10 from the
perspective ol application software operating on controller
unit 20. A microprocessor 110 generally controls the opera-
tion of the concrete characteristic tests described herein (as
controlled in turn by the application software), the provision
of data to controller unit 20, and the operation of LED array
108. When the user actuates a start button (not shown)
provided by a graphical user interface drive by application
soltware that operates on controller unit 20 and that provides
a screen display through which the user responds via a touch
screen, the application begins operation, at 144. At 146, the
application software may, in one embodiment, query the
user (via a display 140 (FIG. 2) and graphical user interface
at controller unit 20) to enter an expected rebar depth. Upon
receiving a response, or 1n another embodiment, without a
rebar query, directly upon receiving the user start button
instruction, the application software causes the graphical
user interface to display (at 194, FIG. 10A) mstructions to
the user to press device 10 (FIG. 1A) to the desired surface
of the concrete sample 12, so that the coupling surfaces of
transducers 38, 40, and 42 (FIGS. 1A-1E) engage the
concrete surface, and to press one of the two test imtiation
buttons 107 proximate handles 52 and 354. The application
program then enters a waiting mode, waiting for receipt of
a signal from microprocessor 110 that a button 107 has been
actuated and detected by the microprocessor over a general
purpose /O 112. When controller unmit 20 receives this
signal, the application soitware causes the controller unit to
send a signal back to microprocessor 110, mstructing the
microprocessor to 1nitiate a p-wave velocity test. In
response, at 148, microprocessor 110 adjusts the output
voltage level of a voltage pulse amplifier module 124 via
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general purpose /0 126 and a control module 125. In the
presently described example, the pulse amplifier module 1s
variable, so that microprocessor 110 controls the amplifier
module to produce an actuating pulse over a range of
amplitudes up to about 1000V and at a desired pulse width.
The length of the pulse 1s programmable via the application
soltware between 2 and 20 microseconds. Thus, the signal
from microprocessor 110 includes parameters suflicient to
establish the amplitude, frequency, and time duration of a
pulse mitiated by the amplifier module. Control module 125
comprises circuitry that translates the microprocessor
instructions into suitable signals to drive the amplifier mod-
ule. The configuration and function of circuitry such as
control module 125, as well as control modules 130, 136,
and 144, discussed below, should be well understood and are
therefore not discussed 1n further detail.

In the presently described example, the resonant fre-
quency of p-wave transducers 40 1s about 54 kHz. As should
be understood, mechanical waves attenuate 1n concrete, and
a relatively low frequency is therefore preferred in this
example for the p-wave and s-wave transducers, although 1t
should be understood that the frequency can vary as desired,
provided the response signal can be acquired. Accordingly,
the instruction from microprocessor 110 1s to generate a
pulse at 54 KHz, although the pulse frequency 1s selectable
between about 50 kHz and about 120 kHz. Further, as
discussed below, the presently illustrated p-wave velocity
test 1s based on a p-wave time-of-tlight from transmitting
transducer 40c¢ to each of the receiving transducers 40a and
40b6. Provided the receiving transducers’ output signals are
sufliciently strong that the received p-wave can be detected
over noise, then, the velocity test 1s based on 1dentification
of time differential rather than the ability to distinguish a
particular amplitude level. That 1s, information 1s carried by
a signal’s time component rather than its amplitude com-
ponent. This introduces the possibility of error arising from
rise times. Because amplitude 1s not an information carrier,
however, and because rise times can be improved by increas-
ing signal amplitude, microprocessor 110 1n the present
example instructs the amplifier module to generate a pulse of
about 592V (although amplitude can be varied as desired up
to about 1000 v, which at the spacing of about six inches
between transmitting transducer 40c¢ and first receiving
transducer 40a and of about nine inches between transducer
40c and second receiving transducer 405, drives the receiv-
ing transducers mnto saturation upon receipt of the resulting
p-wave.

Simultaneously, microprocessor 110 actuates a 1:20
switch matrix 128 (via a control module 130) to direct the
output ol amplifier module 124 to p-wave transducer 40c.
Switch matrix 128 1s a switching module comprised of
discrete electronic components that can selectively direct the
output of amplifier module 124 to any of transducers 38c,
40c and the fourteen transducers 42, as discussed above.

When voltage pulse amplifier module 124 1s ready to
transmit, 1t sends a pulse to microprocessor 110 that, 1n turn,
notes the time and sends an 1nstruction signal back to
module 124, causing module 124 to dnive transducer 40c¢
that, 1n turn, imparts a mechanical wave into the concrete
sample, resulting in a dominant p-wave that travels to
transducer 40a.

Also via bus 132, microprocessor 110 actuates a 20:1
switch matrix 134 via a control module 136 to direct the
output from receiving transducer 40q to an input selector
relay 116. Relay 116 1s a small solenoid relay that acts as a
two-way switch, though as should be understood, an elec-
trical switch could be used. Microprocessor 110 controls
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relay 116 to move to one of its two states, at which the relay
directs the output of switch matrix 134 to an amplifier
module 118. Amplifier module 118 outputs the transducer
output to an analog-to-digital converter 120 for storage at a
static random access memory 122 and retrieval by micro-
processor 110. Thus, the receiving transducer 40a detects the
resulting wave and outputs a corresponding analog signal to
amplifier module 118 via switch 134 and relay 116. Ampli-
fier module 118 applies an automatic gain control function
to bring the signal strength to a desired level for acquisition
by the system components. The amplified analog signal 1s
converted from analog to digital by converter 120 and saved
in SRAM 122. Microprocessor 110 controls the sampling
load and the number of samples taken by converter 120.

Microprocessor 110 acquires the data from SRAM 122 in
real time, and thus can analyze the retrieved data relative to
the time the microprocessor recerved the pulse from ampli-
fier module 124 at actuation of the p-wave. In one embodi-
ment, the microprocessor directs the retrieved data, and the
time at which the transmitting transducer was actuated, up to
controller unit 20, where the application soitware analyzes
the retrieved data and determines the point at which the
represented signal (FIG. 8A) exceeds a predetermined
threshold indicating reception of the p-wave at the receiving,
transducer 40a. The threshold can be determined through
testing and calibration. Upon locating the p-wave reception,
the controller unit determines the time difference (i.e. the
time of flight) between the actuation of the transmitter
transducer to impart the p-wave into the concrete and the
reception of the wave by the recerving transducer. In another
embodiment, the microprocessor conducts the analysis and
provides results to the controller unait.

After a suflicient time for settlement, the microprocessor
again 1nstructs voltage pulse amplifier 124 to ready a p-wave
pulse for transducer 40c but now instructs 20:1 switch
matrix 134 to direct the output of second receiving trans-
ducer 406 to relay 116 and, therefore, to amplifier 118.
Through an otherwise identical process, microprocessor 110
or the controller umit determines the time period between
iitiation and reception of the resulting p-wave between
transducers 40c and 405 (see FIG. 8B).

The application soitware (either directly from 1ts analysis
or upon recerving time of flight results from microprocessor
110) determines a difference between the two times of flight,
which 1s 1n turn due to the difference in propagation time of
the p-waves between the two transducers 40a and 405, as
illustrated by comparison of the signal representations pro-
vided by FIGS. 8A and 8B. Because the application software
also knows the distance between transducers 40a and 405,
the application soitware determines the p-wave velocity by
dividing the known distance by the diflerential time period.

At 150, the application software causes controller unit 20
to send a signal to microprocessor 110, causing the micro-
processor to initiate the s-wave velocity test. Microprocessor
110 adjusts the output voltage level of voltage pulse ampli-
fier module 124 via control module 1235 and selects s-wave
transducer 38¢ to connect to the output of amplifier module
124 via control of switch matrix 128 by control module 130.
Microprocessor 110 also selects, through switch matrix 134
and control module 136, the output of transducer 38a to
output to amplifier module 118 via actuation of mput selec-
tor relay 116. When voltage pulse amplifier module 124 1s
ready to transmit, 1t sends a pulse to microprocessor 110 that,
in turn, sends an instruction signal back to module 124,
causing module 124 to drive transducer 38c¢ that, in turn,
imparts a mechanical wave 1nto the concrete sample, result-
ing 1n an s-wave that travels to transducer 38a. The receiving
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transducer detects the resulting wave and outputs a corre-
sponding analog signal to amplifier module 118 via switch
134 and relay 116. Amplifier module 118 applies an auto-
matic gain control function to bring the signal strength to a
desired level for acquisition by the system components. The
amplified analog signal 1s converted from analog to digital
by converter 120 and saved 1n SRAM 122. Microprocessor
110 controls the sampling load and the number of samples
taken by converter 120.

As should be understood, the transducers described herein
impart both p-waves and s-waves 1nto the concrete.
Although transducer 38c¢ 1s an s-wave transducer, and
although the resulting s-wave imparted to the concrete by
transducer 38¢ 1s the dominant wave, 1.e. 1s much larger in
amplitude than the imparted p-wave, the p-wave travels
faster through the concrete than does the s-wave, with the
result that the leading edge of the p-wave will reach the
receiving s-wave transducer before the leading edge of the
s-wave. Thus, although the s-wave amplitude 1s much higher
than the p-wave amplitude, to the extent the p-wave ampli-
tude 1s higher than the threshold amplitude, controller unit
20 (or microprocessor 110) could interpret the first-received
p-wave to be the arrival of the s-wave without programming
to discriminate between the two (such programming being
employed in another embodiment). Accordingly, in the
present example, microprocessor 110 1nstructs voltage pulse
amplifier 124 to prepare a pulse of an amplitude suiliciently
low that the resulting s-wave reaching the receiving trans-
ducer will cause the receiving transducer to output a signal
that will exceed the threshold applied by the microprocessor
for recognizing receipt ol an s-wave but so that the signal
from the receiving transducer corresponding to the first-
received p-wave will not. Accordingly, 1n this example, the
microprocessor instructs the voltage pulse amplifier module
to prepare a 42 v (peak to peak) at 50 KHz (the s-wave

transducers’ resonant frequency) at a width of about 8.4
microseconds.

Microprocessor 110, having acquired the sample data,
directs the data to the controller unit, at which the applica-
tion software (or the microprocessor) determines the s-wave
time of flight in the same manner as i1t determined the
p-wave time of flight. The application soitware knows the
time at which the microprocessor instructed actuation of the
transmitting transducer and the time at which the micropro-
cessor acquired the output signal from the respective receiv-
ing transducer. The difference between these times 1s the
time of thight.

At completion of this data acquisition, and aiter a settling
period, microprocessor 110 repeats the sequence with the
same transmitting transducer 40c¢, but now utilizing trans-
ducer 406 as the recerving transducer. The microprocessor
instructs the amplifier module to prepare a second s-wave
pulse, instructs switch matrix 134 to direct the output of
second receiving s-wave transducer 1386 to relay 116 and
amplifier 118, triggers application of the input pulse to the
transmitting transducer, and directs the resulting data to
controller unit 20 so that the application software determines
a time of flight of the resulting s-wave between transmitting
transducer 38¢ and second receiving s-wave transducer 385.

The application determines a difference between the two
times of flight, which 1s i turn due to the difference in
propagation time of the s-waves between the two transduc-
ers 38a and 38bH. Because the application software also
knows the distance between transducers 38a and 385, the
application software determines the s-wave velocity by
dividing the known distance by the differential time period.
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Given the now-determined p-wave velocity (CP) and
s-wave velocity (CS), and assuming a concrete density of
2.38 g/m3, at 152 the application software relates these three
variables to concrete compressive strength, based on the
following model provided by the Architectural Institute of

Japan (Al):
E=k14860"°p?

The p-wave velocity (C,) and shear wave velocity (C,) are
correlated to the Young’s modulus (E), Poisson’s ratio (v),
and density (p) of the maternial as determined by the follow-
ing equations:

C,=

E(l —w)
ol = 2v)(1 +v)
o )
A 2001 +v)

The p-wave modulus (M) 1s correlated to p-wave velocity
(C,) and density (p) of the material as determined by the
tollowing equation:

M=pC,?

The shear modulus (G) can be correlated to shear velocity
(C.) and density (p) of the matenial as determined by the
tollowing equation:

G=pC>?

The Poisson’s ratio (v) 1s correlated to the p-wave modu-
lus (M) and shear modulus (G) as determined by the
following equation:

M-2G  C;-2C;
"TIM-2G T ACE =)

The Young’s modulus (E), also identified as the modulus
of elasticity, 1s correlated to shear modulus (G) or p-wave
modulus (M) and Poisson’s ratio (v) as determined by the
following equation:

M1+ v)(1-2v)

E=2G(1+v) = o0

As noted above, modulus of elasticity of concrete 1s
frequently expressed in terms of compressive strength, but
actual correlation between the two mvolves a model that can
account for variations in concrete properties and binder/
aggregate proportions. These models, in turn, tend to be
applicable to ranges of concrete strengths. The American
Concrete Institute (ACI) Committee 318 recommends, for
example, a model to predict the modulus of elasticity for a
wide range ol concrete compressive strengths, from 200 psi
to 3,000 psi, but that overestimates the modulus of elasticity
for compressive strength over 6000 psi. The ACI Commuittee
363 recommends a model for higher strength concretes
ranging from 3000 psi to 12,000 psi. The Architectural
Institute of Japan (All) recommends the equation above to
predict modulus of elasticity for high-strength concretes
ranging from 2,900 ps1 to 23,200 psi1, and it 1s believed that
the Al test successtully predicts the modulus of elasticity up
to about 28,000 ps1. Although it should be understood that
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vartous models may be employed within the scope of the
present disclosure, in the present example the application
software utilizes the AIJ model, for prediction of modulus of
clasticity for compressive strength up to about 28,000 psi.
That 1s, upon determining the p-wave velocity (C,) and
s-wave velocity (C) for a given test, and assuming a density
for concrete, the application software correlates those deter-
mined and assumed values to Poisson’s ratio (v) and
Young’s modulus (E). Then, and again assuming a concrete
density, the AIJ model above relates the determined Young’s
modulus (E) to compressive strength (o), where k=k;, *k,, k,
1s a correction factor corresponding to coarse aggregates,
and k, 1s a correction factor corresponding to mineral
admixtures. In the presently described embodiment, con-
crete density is assumed to be 2.38 g/m”, and k is assumed
to be one. In another embodiment, however, the application
soltware queries the user to enter an actual density prior to
the test’s beginning, and if the user enters a value (through
the graphical user interface and screen 140), the application
software determines compressive strength based on the
entered density value. Otherwise, the application uses the
2.38 g/m” by default. Further, it should also be understood
that the default values for density and k may change as
desired, for example as determined through destructive
compressive strength testing of concrete samples of known
density and aggregate/admixture characteristics.

Upon determination of the compressive strength at 152,
the application software stores the result and causes con-
troller unit 20 to send a signal to microprocessor 110 to
initiate the rebar test, at 154. In response, microprocessor
110 sends a command to control module 130 to set up the
first (leftmost 1 FIG. 1) narrowband transducer 42 of the
linear array to receive a driving pulse from voltage amplifier
124 through 1:20 switch matrix 128. Through control mod-
ule 125, microprocessor 110 correspondingly instructs volt-
age pulse amplifier module 124 to prepare an 850 v, ,, 8.4
microsecond pulse. Because, as noted herein, the system
acquires this test data without application of automatic gain
control, the system may adjust the pulse amplitude to avoid
saturation of the receiving transducer. When amplifier mod-
ule 124 1s ready to transmit, 1t sends a pulse back to
microprocessor 110, and upon receiving an instruction from
the microprocessor, provides a high voltage pulse output to
the selected transmitting transducer 42. This causes the
transmitting transducer to impart a mechanical wave 1nto the
concrete sample, causing a resulting p-wave to travel into
the concrete and reflect from the opposing side of the
concrete or from an intermediate structure or concrete
defect. Again, a resonant frequency in the range of 50 KHz
1s chosen in this example to reduce attenuation effects 1n
concrete, but 1t should be understood that other frequencies
can be utilized, e.g. up to about 120 kHz. Microprocessor
110 sends a signal to control module 136 to select the
adjacent (to the right, in FIG. 1) transducer 42 through
switch matrix 134, thereby directing the output of the
selected recerving transducer to amplifier 118 via relay 116,
the state of which the microprocessor selects and controls
accordingly. The receiving transducer 42 detects the analog
mechanical signal 1n the concrete and translates the signal to
an analog electrical signal that 1s routed by switch matrix
134 to amplifier module 118 via relay 116. Microprocessor
110 controls amplifier module 118 1n this test to amplify,
without automatic gain control, the output signal, which 1s
then delivered to analog-to-digital converter 120, where the
signal 1s converted to digital form and saved in SRAM 122.
The microprocessor controls the analog to digital conver-
tor’s sampling rate and number of samples.
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Microprocessor 110 then repeats the process, using the
previous recerving transducer to transmit and using the next
adjacent narrowband transducer 42 to receirve. The micro-
processor executes the same sequence with respect to this
new transducer transmitting/receiving pair. This process
repeats for all fourteen transducer pairs in the linear array.

As should be understood, automatic gain control applies
a variable gain to mcoming signals so that the output
amplitude level 1s within a detecting system’s desired signal
strength. Automatic gain control 1s applied to the outputs of
the receiving p-wave transducers 40, the recerving s-wave
transducers 38, and the broadband transducer 180 (FIG. 7),
which do not carry information as amplitude varniation. The
output from the receiving p-wave transducers 42 do carry
information 1n amplitude, and microprocessor 110 therefore
instructs amplifier module 118 to omit automatic gain con-
trol from the processing of these signals and adjust the
output voltage to avoid saturation. Because the signal from
the recerving transducer 42 1s acquired without automatic
gain control, 1.e. with a constant amplification among the
receiving transducers in the array, the data recerved by the
application software corresponding to signals detected by
this and subsequent recerving transducers in the linear array
are comparable to each other, so that the application sofit-
ware can detect the presence of rebar by looking for peaks
in the amplitude range of the received signals. More spe-
cifically, the microprocessor conveys the data it acquires
from memory 122 to the controller unit, which compares the
received signal to a predetermined threshold value, and
identifies the pressure of rebar 11 the received signal exceeds
the threshold. Alternatively, microprocessor 110 retrieves
the signal data from memory 122 and analyzes the signal
data for the presence of rebar, reporting to the controller unit
t

ne results of that analysis.

The threshold level i1s determined through testing and
calibration, and 1t accounts for concrete’s non-homogeneity.
As should be understood, the strength of a signal reflected
from rebar will vary inversely to the rebar’s depth from the
concrete surface, but regardless of depth will generally result
in a peak signal as compared to a signal received from the
opposing side of the concrete. To calibrate a threshold value,
the array of transducers 42 i1s made to apply a series of
signals to a concrete sample known to have rebar. This 1s
repeated for samples having rebar but having different
configurations, ¢.g. different aggregates or curing history,
and the threshold set so that a desired percentage of those
samples would be 1dentified by application of the threshold.
This process 1s repeated for samples having rebar at differing
depths, for instance at one foot or two feet increments, and
the threshold possibly adjusted. These thresholds can be
programmed at microprocessor 110 or stored 1n associated
memory for its use. Alternatively, rebar depth 1s assumed
only to be at a one foot depth.

In a still further embodiment, the microprocessor collects
the output data of all fourteen receiving transducers without
analysis, and then upon acquisition of data from all fourteen
pairs, uploads the data to the application software at con-
troller unit 20, which in turn determines a respective stan-
dard deviation of the peak amplitude values of the signals
corresponding to each transducer pair. The application sofit-
ware then determines those transducer pairs having a stan-
dard deviation that is significantly diflerent from most of the
other transducer pairs and 1dentifies those transducer pairs as
having 1dentified rebar. The degree of diflerence needed to
trigger the 1dentification of rebar can be determined through
testing against concrete samples known to have rebar. Still
turther, 1n another embodiment, the application software
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determines a standard deviation of the peak amplitude
values of the signals for each individual transducer pair, and
identifies any transducer pair as having 1dentified rebar 11 the
signal for that transducer pair has a peak value outside a
predetermined threshold range beyond the standard devia-
tion.

For each transducer pair for which the application soft-
ware determines rebar has been 1dentified, regardless of the
methodology utilized to make that determination, the appli-
cation software or microprocessor stores a marker indicating
the 1dentity of the recerving transducer at which this
occurred.

In a still further embodiment, the control device actuates
cach individual transducer 42 pair through a sequence of
excitation pulses of different amplitude, each therelfore
resulting in an i1mparted mechanical wave of different
strength, which 1n turn are capable of traveling and returning
(1n a detectable strength) to different depths. At each test
within the sequence, the microprocessor uploads the result-
ing data to the controller umt and its application software
(although 1t should be understood this functionality could
remain at the microprocessor), and the application software
applies the threshold value (directly to amplitude or to a
standard deviation analysis) in determining the likelihood of
the existence of rebar. If any one of the tests within the
sequence for a given transducer pair indicates the likelihood
of the presence of rebar, the application software determines
that this transducer 42 pair has located the likelihood of the
presence of rebar. The process repeats for each other opera-
tive transducer 42 parr.

At this point, the application software (or microprocessor
110) has determined, for each pair of transmitting/receiving
transducers 42, whether the retlection wave detected by the
pair’s recerving transducer in response to the pair’s trans-
mitting transducer 1s likely to have reflected from a rein-
forcing bar within the concrete, based on the peaks as
analyzed by controller unit 20 or other criteria. As noted
above, LED array 108 includes a plurality of LEDs that are
disposed on housing 14 1n spatial correspondence to respec-
tive transducers 42. That 1s, the LEDs are arranged 1n a linear
array at a spacing ifrom each other similar to the spacing of
the transducer array and in parallel with line 68 (FIG. 1D)
so that the individual LEDs are generally aligned with
respective transducers 42 1n a direction perpendicular to line
68 (FIG. 1D). The correspondence between the individual
LEDs and their respective transducers 42 1s stored in the
programming and/or memory associated with microproces-
sor 110 and/or the application software. Thus, when the
application software (or microprocessor) completes the
analysis of the test results from all fourteen transmitter/
receiver transducer 42 pairs, the application software sends
a signal to the microprocessor, which 1n turn sends a signal
to LED driver 142, via control module 144, causing the LED
driver to actuate those LEDs, 1f any, corresponding to the
transmitting transducer in those transducer pairs for which
the microprocessor detected rebar. Since this occurs while
the user has device 10 pressed up against the concrete
surface, the actuated LEDs, 11 any, provide the user with a
visual indication of a concrete surface position above the
actual rebar location. In an alternate embodiment, array 108
1s replaced by a single LED, and application software/
microprocessor 110 actuate this LED whenever any of the
transducer 42 pairs indicates the likelihood of rebar.

As noted above, microprocessor 110 communicates with
controller unit 20 via a high speed USB controller 138
located on board 100. Upon determining which transmitting
transducers 1n the linear array returned a signal indicating
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the likelihood of the presence of rebar, controller unit 20
outputs corresponding data to microprocessor 110 via USB
138. That 1s, having determined (a) the time of flight for the
mechanical wave between p-wave transmitting transducer
40¢ and first p-wave receiving transducer 40a, (b) the time
of flight for the mechanical wave between p-wave transmit-
ting transducer 40¢ and second p-wave receiving transducer
40b, (¢) the time of flight for the mechanical wave between
s-wave transmitting transducer 38¢ and first s-wave receiv-
ing transducer 38aq, and (d) the time of flight for the
mechanical wave between s-wave transmitting transducer
38¢ and second s-wave recerving transducer 385, and having
received from the microprocessor (e) the output from the
transmitting/receiving transducer 42 pairs, controller unit 20
(1.e. the application soitware) calculates p-wave velocity as
the difference between the two p-wave tlight times, calcu-
lates s-wave velocity as the difference between the two
s-wave flight times, calculates compressive strength based
on the p-wave velocity, the s-wave velocity, and density,
determines location (in terms of transducer location) of any
identified rebar, and provides the location data to the micro-
processor 1n order for the microprocessor to drive the LED
array accordingly.

The application soitware causes the graphical user inter-
tace at screen 140 of controller unit 20 1n a screen 196 (FIG.
10B) to provide information describing the test results (1.e.
p-wave velocity, s-wave velocity, compressive strength, and
rebar location) and to provide instructions to the operator to
press device 10 to the concrete structure at a position 90
degrees with respect to the first position, and again press a
test button 107. Screen 196 provides the previous test results
at 198, including identifying (by shading) the positions 1n
the linear array of any transducers 42 whose response data
indicated the likelihood of the presence of rebar 1n the first
test.

The user’s activation of a “next” button in the display
through a touch screen causes the application software to
repeat the p-wave velocity test at 160, the s-wave velocity
test at 162, the compressive strength calculation at 164, the
rebar test at 166, and the LED display of rebar position(s) at
168.

FIG. 10C illustrates a screen display 200 presented by the
graphical user interface at screen 140, at step 170. The test
result data presented at 202 i1s the average of the wave
velocities and strength results (although separate 1dentifica-
tion of the two test results 1s made 1n another embodiment)
determined at steps 148, 150, 152, 160, 162, and 164. At
204, screen 200 displays (by shading) the positions of those
receiving transducers 42 from which data was receirved
indicating likelihood of the presence of rebar 1n the second
test. Screen 140 may be a touch screen, and upon actuation
of a “next” button through the touch screen, the graphical
user 1nterface presents a screen 206 (FIG. 10D), instructing,
the user to nitiate the thickness test.

In response, the user mserts the data feed line of impact
hammer/broadband transducer (with cables) assembly 176
(FIG. 7) into LEMO connector jack 104 of device 10 for
execution of the thickness test. Microprocessor 110 detects
the msertion over 1/O 114, and the microprocessor returns a
signal to controller umit 20 confirming that the device 1s
ready for the test. At 172, the application software sends a
signal back to microprocessor 110 to imitiate the test. In
response, microprocessor 110 actuates input selector relay
116 to the state at which relay 116 directs the output of
broadband transducer 180 (1.e. the mput received at jack
104) to the mput of amplifier module 118 but does not
acquire output data from transducer 180 until receiving an
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input signal from impact hammer 178 over mput/output 114.
The graphical user interface instructions provided at screen
140 (FIG. 2) may instruct the user to strike the concrete with
the hammer’s steel ball proximate the location at which the
broadband transducer i1s coupled to the concrete surface, 1.¢.
sufliciently close that the resulting mechanical wave
imparted to the concrete by the impact hammer creates a
standing wave 1n the concrete sample detectable by the
control device through the broadband transducer. In one
example, the screen display instructs the server to strike the
concrete at a pomnt within fifty mm from the position of
broadband transducer 180. Thus, the user now places the
acoustic coupling surface of broadband transducer 180 at the
surface of concrete sample and, holding the impact hammer,
strikes the concrete surface with the steel ball.

The impact hammer produces a mechanical impact on the
concrete surface, generating multiple modes of vibration,
including p-waves, s-waves, and Rayleigh waves. A piezo-
clectric element 1s disposed on the steel ball head that
generates an electrical signal when the steel ball strikes the
concrete sample. Impact hammer 178 outputs this signal to
microprocessor 110, thereby triggering the microprocessor
to acquire signal data from broadband transducer 180 that 1s
directed to memory 122.

As should be understood, the resonant frequency of the
standing wave created by the hammer impact has a ire-
quency that varies inversely to the concrete sample’s thick-
ness. Shallower samples produce higher Irequencies,
whereas thicker samples produce lower frequencies.

As discussed above, the p-wave creates a standing wave
between opposing surfaces of the concrete sample. This
wave, and other reflecting waves, excite broadband trans-
ducer 180, which converts the mechanical energy into
clectrical signals that the broadband transducer outputs to
amplifier module 118 via relay 116. Amplifier module 118
amplifies, with automatic gain control, the analog signal
which 1s then converted to digital form by analog-to-digital
converter 120 and stored in memory 122.

For a six foot concrete sample thickness, the resonant
frequency may be in the range of about 1 kHz. In order to
detect such a low frequency, the spectral resolution should
be decreased, as shown in FIG. 6. For example, if the
sampling period of analog to digital converter 120 1s twelve
microseconds, using a 83.33 kHz clock, and there are 1024
data points (N) 1n the recorded wavetorm, the duration of the
recorded waveform (N*h) 1s 12,288 microseconds, which
results 1n a spectral resolution 1/(N*h) of 81 Hz 1n the signal
spectrum. There are 512 frequency channels (N/2), and the
maximum sample frequency 1/(2*h) 1s 42 kHz. The device
can display 1,024 samples in the time domain and up to 512
bins (42 k Hz) 1n the frequency domain. Such a device setup
should, therefore, accommodate sample thicknesses at least
up to six feet, and 1t will be understood that accommodation
for greater thicknesses can be made through modification of
these parameters.

Microprocessor 110 acquires the output data from
memory 122 and forwards the data to controller unit 20 via
USB device 138, and the software application analyzes the
data to determine the standing wave’s resonant frequency.
The software application first sees the data as a time domain
wavelorm (see the upper portion of FIG. 9) but then
executes a Fast Fourier transform to convert the time domain
signal to a frequency domain signal (as indicated in the
lower portion of FIG. 9). The resonant frequency appears as
the highest or first (1.e. lowest frequency) peak in this
wavelorm. A Hamming window 1s used because such
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method produces less ringing 1n the spectral values, but 1t
should be understood that other windowing techniques may
be employed.

Accordingly, the software application has determined the
concrete sample’s resonant frequency (1). At 148 and 160,
the software application has determined the p-wave veloci-
ties 1n the concrete sample. Averaging the p-wave velocities
(C,), the software application, at 174, calculates concrete
sample thickness (1) according to the following formula:

T=-2
2f

At this point, the testing sequence 1s complete, and the
application software drives the graphical user interface to
present a screen 208 (FIG. 10E) at display screen 140 that
displays the concrete sample thickness determined by the
test.

Because of the non-homogeneity of concrete, the tests
described herein may desirably be performed at various
positions on the concrete surface.

The software application may act as an intermediary
between the user and/or other computers and the basic
computer resources of board 100 and controller unit 20, as
described, in suitable operating environments. Such sofit-
ware applications include one or both of system and appli-
cation software. System software can include an operating
system, which can be stored on controller device 20 and
microprocessor 110, that acts to control and allocate
resources of these computer systems. The application soft-
ware takes advantage of the management resources by
system soltware through program modules and data stored
on either or both of system memory and other memory
sources, for example mass storage.

Moreover, 1t will be understood from the present disclo-
sure that the functions ascribed to controller unit 20 and
microprocessor 110 may be embodied by computer-execut-
able 1nstructions of a program, for example the application
software discussed herein, that runs on one or more com-
puters. Generally, program modules include routines, pro-
grams, components, data structures, etc. that perform par-
ticular tasks and/or implement particular abstract data types.
Moreover, those skilled 1in the art will appreciate that the
systems/methods may be practiced with other computer
system configurations, including single-processor, multi-
processor, or multi-core processor computer systems, as
well as personal computers and handheld computing
devices, microprocessor-based or programmable consumer
or industrial electronic, and the like. Aspects of these
functions may also be practiced 1n a distributed computing
environment where tasks are performed by remote process-
ing devices that are linked through a communications net-
work. However, some aspects of the claim subject matter
can be practiced on stand-alone computers.

Modifications and vanations to the particular embodi-
ments of the present invention may be practiced by those of
ordinary skill in the art, without departing from the spirit and
scope of the present invention, which 1s more particularly set
forth in the appended claims. In addition, it should be
understood that aspects of the various embodiments may be
interchanged both 1n whole or 1n part. Furthermore, those of
ordinary skill 1n the art will appreciate that the foregoing
description 1s by way of example only, and 1s not intended
to be limitative of the mnvention so further described in such
appended claims.
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What 1s claimed 1s:
1. A system for determining characteristics of a concrete
sample, comprising;:
a concrete sample;
a frame;
a plurality of transducers secured by the frame at prede-
termined positions with respect to each other and so
that coupling surfaces of the transducers are generally
coplanar with each other; and
a processor 1 communication with the transducers and
configured to execute computer program instructions to
actuate a first plurality of the transducers secured by the
frame so that the first plurality of transducers impart
respective mechanical waves in the concrete sample,
and

receive output signals from a second plurality of the
transducers secured by the frame 1n response to
reception ol the mechanical waves by the second
plurality of transducers,
wherein the first plurality of transducers are arranged 1n
the frame so that an area
that 1s within a plane parallel to the coupling surfaces
and 1n the concrete sample and

that 1s bounded within the plane by a collective extent
of the respective mechanical waves that pass through
the plane and that are receirvable by the second
plurality of transducers

has a dimension at least as long as a distance between
adjacent reinforcing bars in the concrete sample.

2. The system as in claim 1, wherein the first plurality of
transducers and the second plurality of transducers comprise
the same transducers.

3. The system as 1n claim 2, wherein the processor 1s
configured to receive a respective said output signal from
cach transducer of the second plurality of transducers in
response to reception of a said mechanical wave from a
different transducer of the first plurality of transducers.

4. The system as 1in claim 3, wherein the processor 1s
configured to actuate the first plurality of transducers
sequentially.

5. The system as in claim 1, wherein the coupling surface
of each transducer of the plurality of transducers secured by
the frame 1s circular and has a diameter of about one 1nch or
less.

6. The system as 1n claim 1, wherein the transducers of the
first plurality of transducers are aligned linearly with respect
to each other.

7. The system as 1n claim 6, wherein the coupling surface
of each transducer of the plurality of transducers secured by
the frame has a center.

8. The system as in claim 7, wherein the centers of each
pair of adjacent first transducers are separated by at most
about 1.5 inches.

9. The system as 1n claim 8, wherein the centers of each
pair of adjacent first transducers are separated by at most
about one inch.

10. The system as in claim 7, wherein the centers of two
transducers of the first transducers having the greatest sepa-
ration between them among the first transducers are sepa-
rated by at most about 19.5 inches.

11. The system as in claim 8, wherein the centers of two
transducers of the first transducers having the greatest sepa-
ration between them among the first transducers are sepa-
rated by at most about 19.5 inches.

12. A method for determining characteristics of a concrete
sample, comprising:

providing
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a frame, and
a plurality of transducers secured by the frame at
predetermined positions with respect to each other
and having respective coupling surfaces;
placing the coupling surfaces on a surface of the concrete
sample;
actuating a first plurality of the transducers secured by the
frame so that the first plurality of transducers impart

respective mechanical waves 1n the concrete sample;
and
receiving output signals from a second plurality of the
transducers secured by the frame in response to recep-
tion of the mechanical waves by the second plurality of
transducers,
wherein the first plurality of transducers are arranged 1n
the frame so that an area
that 1s within a plane oflset from the coupling surfaces
and 1n the concrete sample and
that 1s bounded within the plane by a collective extent
of the respective mechanical waves that pass through
the plane and that are receirvable by the second
plurality of transducers
has a dimension at least as long as a distance between
adjacent reinforcing bars in the concrete sample.
13. The method as 1n claim 12, wherein the first plurality
of transducers and the second plurality of transducers com-
prise the same transducers.
14. The method as 1n claim 13, wherein the receiving step
comprises receiving a respective said output signal from
cach transducer of the second plurality of transducers in
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response to reception of a said mechanical wave from a
different transducer of the first plurality of transducers.

15. The method as 1n claim 14, wherein the actuating step
comprises actuating the first plurality of transducers sequen-
tially.

16. The method as 1n claim 12, wherein the transducers of
the first plurality of transducers are aligned linearly with
respect to each other.

17. The method as 1n claim 16, wherein the coupling
surface of each transducer of the plurality of transducers
secured by the frame has a center.

18. The method as 1n claim 17, wherein the centers of each
pair of adjacent first transducers are separated by at most a
distance equal to about one-half of a mimimum separation
between adjacent reinforcing bars in the concrete sample.

19. The method as 1n claim 18, wherein the centers of each
pair of adjacent first transducers are separated by at most
about 1.5 inches.

20. The method as 1n claim 17, wherein the centers of two
transducers of the first transducers having the greatest sepa-
ration between them among the first transducers are sepa-
rated by at most about 19.5 inches.

21. The method as 1n claim 19, wherein the centers of two
transducers of the first transducers having the greatest sepa-
ration between them among the first transducers are sepa-
rated by at most about 19.5 inches.

22. The method as in claim 12, wherein the distance
corresponds to a maximum separation between adjacent
reinforcing bars in the concrete sample.
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